ABSTRACT. We established a visual
isual simulation techniques have been successfully applied in a variety of visual effect evaluations in forest and landscape planning (Thuresson et al., 1996; Nousiainen et al., 1998) and have gradually become one of the technical approaches used for interactive forest resource planning and design work (Tyrväinen et al., 2006) .
Thinning is a common forest management measure in practice (Hynynen, 1995) and can impact on stand structure, stand growth, and biodiversity (O'Hara, 1994; Lei et al., 2007) and improve the yield and quality of wood and ecological value of forests (Sprugel et al., 2009 ). In addition, the selection of removed trees directly affects the spatial structure of residual trees and the thinning effect. In terms of the visual simulation of thinning, the methods for selecting removed trees are usually divided into three groups: (1) the use of thinning models, such as BWINPRO (Albert, 2002) and SIBYLA (Fabrika, 2003; Fabrika et al., 2005) ; (2) directly developing interactive selection of trees to remove for users in a virtual stand environment, for example, SVS (Gao et al., 2011) ; and (3) establishment of decision-making models of removed trees based on diameter at breast height (DBH), tree height, basal area, stand density, and other tree variables, for example, SILVA (Pretzsch et al., 2002) , FVS (Gilmore, 2003; Ma et al., 2011), and SSDMM (Newton, 2012) . The first method achieves specific thinning targets easily with high pertinence, but is not very popular mainly because of the number of model parameters, the model complexity, prerequisites that are hard to meet and the lack of flexibility and convenience in practical application. The second method has a stronger grounding in experience and operability, but is highly subjective and arbitrary for users. The third method is easy to operate and some models support the selection of removed trees by quantitative factors, so it has been universally applied. However, it has the following inadequacies regarding selection of removed trees: (1) stand spatial structure cannot be optimized and adjusted easily without considering spatial structure factors; (2) in some cases the decision-making model for removed trees only includes a single factor and may lead to the removal of all trees in a large area, thus wasting land resources; and (3) the visualization and interactivity of decision-making models for removed trees are poor.
This study intended to address the following issues to improve the third method: (1) combining stand spatial structure factors with thinning principles to establish a decision-making model for removed trees considering multi-factor impacts, and quantify the probability that trees are selected as the removed trees; (2) using C# as the development language, Workflow Foundation(WF) techniques and human-computer interaction to develop a decision-making visualization model for removed trees, which can improve the visualization and interactivity of the decision-making model for removed trees, and to establish a visualization model for quantitative thinning processes; (3) combining the Graphics Device Interface+ (GDI+) methods with the MOGRE rendering engine to construct a visualization model for simulating stand structure, stand status in two dimensions (2D), and stand scene in three dimensions (3D) before and after thinning. Using the above three ideas, visual simulation of quantitative thinning was implemented and tested on a Chinese fir plantation.
METHODS

DECISION-MAKING FACTORS FOR REMOVED TREES
The forest management scheme of Huangfengqiao stateowned forest farm in Youxian, south-central China (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) pointed out that thinning in Chinese fir plantations should be carried out according to the following principles: "remove the smaller ones while the larger ones should remain; remove more trees in the denser area while keep the trees in the sparse areas; remove the trees that are inferior while the superior ones should remain and generate an uniform spatial distribution of trees." Because these qualitative principles are not easily determined, different managers may achieve different thinning results. This study was based on these principles and selected quantitative decision-making factors for removed trees that reflected the above qualitative indices. These quantitative factors included tree diameter at breast height that is 1.3 m above the ground (DBH), tree height, spatial density, neighborhood comparison, and uniform angle. Moreover, spatial density, neighborhood comparison, and uniform angle represent stand structure characters and can be defined based on a spatial structure unit made up of a tree and its four nearest neighbors in a stand. The definitions of all decision-making factors are as follows.
DBH INDEX AND HEIGHT INDEX
In this study, the DBH index and height index were calculated using equations 1 and 2, respectively. The values are between 0 and 1, with a greater value indicating a smaller DBH or height.
where, d i and h i are the DBH and height of the i th tree, respectively; d max and h max are the maximum DBH and height in a stand; and D i and H i are the DBH index and height index of the i th tree.
SPATIAL DENSITY INDEX
The spatial density index was used to represent crowding of trees in a spatial structure unit and was described by equation 3 (Zeng et al., 2010) . The values are between 0 and 1, with a greater value indicating higher density of trees in a spatial structure unit.
where, r i is the radius of a spatial structure unit, which is the maximum distance between the i th tree and each of four nearest neighbors, r max is the maximum radius r i in the stand, and R i is the spatial density index.
NEIGHBORHOOD COMPARISON
Tree DBH values were used to calculate the comparison index for a reference tree by taking its four nearest neighbors into consideration. Neighborhood comparison refers to the ratio of the number of neighboring trees that have DBH values larger than the reference tree to the total number of nearest neighbors surveyed and was calculated using equation 4 (Hui et al., 1999a) . The neighborhood comparison u i can have a value of 0, 0.25, 0.5, 0.75, or 1, corresponding to the growth statuses of the reference tree, namely dominant, sub-dominant, moderate, weak, and absolutely weak, and reflects its competitiveness in the stand.
where k ij = 1 when the nearest neighbor has DBH value smaller than that of the reference tree and otherwise k ij = 0.
UNIFORM ANGLE INDEX
The uniform angle index quantifies spatial configurations of trees by comparing the observed angles determined by the spatial distribution of the four nearest neighbors with respect to a given reference tree with an expected or standard angle (α 0 = 72°) for a uniform distribution. Given a reference tree i, any two nearest neighbors to the reference tree form a smallest angles α, and the four nearest neighbors thus give four angles α j . The uniform angle index w i is defined as the ratio of the number of angles α j smaller than the standard angle α 0 = 72° to the total number of angles when the four nearest neighbors are taken into account, and was calculated using equation 5 (Hui et al., 1999b) .The uniform angle index can have a value of 0, 0.25, 0.5, 0.75, or 1, corresponding to five spatial configurations of the trees: extremely uniform, uniform, random, non-uniform, and extremely non-uniform, respectively.
where, z ij = 1 when the observed angleα j smaller than the standard angle and otherwise z ij = 0.
DECISION-MAKING MODEL OF REMOVED TREES
In thinning, the selection of trees to be removed essentially requires a comprehensive evaluation of each tree's living conditions. A decision-making model was established in this study to quantify the probability that a tree is selected as a removed tree, and considered multiple factors to form a comprehensive index. Managers can determine the removed trees using the value of the comprehensive index and the defined thinning intensity. This was calculated using equation 6. tree, and RTM i is the probability that the i th tree is selected to be removed. Its value is between 0 and 1, with a greater value corresponding to a higher probability.
VISUALIZATION MODEL OF QUANTITATIVE THINNING PROCESSES
Windows Workflow Foundation (WF) is a set of programming models, engines, and tools that can be used to develop applications based on workflow on the Windows platform (Nagel et al., 2008) . This study carried out the application research based on WF provided by the.NET Framework3.5.WF has the following features.
1) WF is a developer-oriented tool so that users cannot create a self-defined flow, and it lacks user-oriented superiority and flexibility (Bukovics, 2008) . 2) WF includes many activities, but they cannot all be directly applied in this study. 3) There are many tracking services in the WF framework, but they cannot meet the requirements of data tracking in this research. In response to these questions, the following researches were raised based on WF.
1) A manager-oriented sequence workflow designer was designed to help forest managers to customize quantitative thinning workflow processes. 2) Activities involved in quantitative thinning, including a stand data file, stand structure analysis, thinning measures, decision-making factors for removed trees and views, were packaged graphically by using the WF method of self-defined activities. 3) The tracking services for each self-defined activity were achieved to get the activities information. 4) A self-defined workflow engine was developed to make the parsing and circulation of the workflow possible. By integrating the above methods, the forest managers can directly establish a visualization model of quantitative thinning processes ( fig. 7) , and then the rendering process will implement in due order.
VISUALIZATION MODEL OFSTAND VIEW IN 2D AND 3D GDI+ Drawing Technique
The GDI+ is the drawing technique in the.NET framework and is one kind of application programming interface (Yan et al., 2006) . Graphics and text can be created programmatically and handled as objects in Windows-form applications by calling the methods provided by the GDI+ class.
The visualization models for statistics of stand structure parameters and stand status in 2D were created using the C# programming language and GDI+ techniques.
MOGRE Technique
The Object-Oriented Graphics Rendering Engine (OGRE) abstracts and packages the details of Direct3D and OpenGL (Li et al., 2013) . It represents a complex 3D scene using an object-oriented approach in application programs. OGRE focuses on dealing with 3D scene elements, supports 3D models in a mesh format, and allows an application program with more attention to detail than a 3D scene rendering process. MOGRE (Managed OGRE) is a package in OGRE that enables users to use C# for programming.
We used MOGRE techniques to manage the stand scene, including the SkyBox, illumination, camera, terrain, and the model for Chinese fir, and then developed the visual simulation of the stand status in 3D before and after thinning.
The Chinese fir model was used in rendering is shown in figure 1 , and the effect of the limbs and trunk is shown in figure 2. Seventy-six limbs and one trunk composed the model. Each limb ( fig. 3 ) was simulated through two quadrilaterals with a folding angle and the trunk was composed of two circular truncated cones. The model, in total, included 500triangles. In the end, combined trunk and limb textures with the geometric models, the 3D model was developed.
The relationship between modules in this system and the methodological framework in this article are shown in figures 4 and 5, respectively. 
RESULTS
SELF-DEFINED ACTIVITIES
According to the requirements of this study, a total of nine activities are defined using WF techniques and are displayed in graphs (table 1). The last five activities are the decision-making factor activities for tree removal in table 1.
The activities inherited from the base classes, including Activity, CompositeActivity, and SequenceActivity, are the simple activities, general composite activity, and specific composite activity, respectively. After the activity icons and the relevant methods were programmed, the activities were incorporated into the manager-oriented visual workflow designer (fig. 6 ).
DECISION-MAKING VISUALIZATION MODEL FOR REMOVED TREES
The self-defined thinning activity is a general composite activity that not only supports the self-defined thinning intensity, but also allows users to drag decision-making factor activities for removed trees to its area as subactivities. Users can set the attributes of the sub-activities to establish the decision-making visualization model for removed trees. Combining this with the thinning intensity allows removed trees to be selected using the results of equation 6. The effect is shown in figure 6 .
The following features can be seen in figure 6: (1) the manager-oriented visual workflow designer is convenient and intuitive; (2) using the method of self-defined activities, the activities involved in quantitative thinning are simulated and expressed with graphs; (3) by dragging activities and setting the properties, specific thinning activities can be defined, various kinds of decision-making models for removed trees can be established according to different thinning requirements and the visual simulation of quantitative thinning measures can be achieved; (4) presenting thinning measures in graphic form has robust operability, visualization, and interactivity.
APPLICATION: A CASE STUDY Test Plot
In this study, one test plot located in Huangfengqiao state-owned forest farm in Youxian, Hunan, China, was selected as a case study. This forest farm is located at 27°04′-27°06′N 113°04′-113°43′E and is dominated by Chinese fir plantations (Wu et al., 2010; Li et al., 2012) . The selected test plot has an area of 1,066 m 2 and is characterized as a timber forest. It has a slope of 20.0° from east to south and an elevation of 208.0 m above sea level. Within the plot there are a total of 120 trees with an age of 11 years. Tree DBH, height, crown width, and so on were measured. An electronic total station was used to measure the relevant location of each tree. The obtained data were stored in an Access database named Plotdata.
Tree DBH, which is tree diameter at breast height that is 1.3 m above the ground, was measured with a specially calibrated tape measure called a diameter tape (d-tape), tree height was measured with a laser rangefinder (TruPulse 200) and crown width, which is the maximum width of the tree crown, was measured with a tape measure. The electronic total station consists of a distance measuring instrument, an angle measuring instrument, and a simple microprocessor. It does not include GPS, but we can define a relevant location and an angel to get the other tree's relevant locations according the above components. The internal memory can record the results that can be exported to a single file.
ESTIMATION MODEL FORTREE VOLUME
The tree volume was estimated using equation 7 (Ministry of Agriculture and Forestry of China, 1978). 
V . D H
where, D is DBH, H is tree height, and V is tree volume.
DEVELOPING THE VISUAL SIMULATION OF QUANTITATIVE THINNING
According to the production practices and stand growth in this forest farm, the forest management scheme pointed out that thinning should be done with a thinning intensity (that is, the percentage of removed trees) of 25% to 30% when the stand is 9 to 11 years old. The age of this test plot met the requirements and thinning might be done. In the workflow designer, by dragging the self-defined activities and setting the attributes of activities in a property grid, the visual simulation model of quantitative thinning was developed. This can be custom-designed to meet the customer's requirements. The specifics in this study are shown in figure 7 .
The model is made up of 10 activities. The properties of each activity defined for the test plot are shown in table 2.
Setting the properties of activities is completely open to users, so users can establish various visual simulation models for quantitative thinning. In this study, the maximum thinning intensity was 27.0% in the thinning1 activity. The properties of decision-making factor activities for removed trees were set (table 1), from which we obtain the results of formula (6). The results were arranged in descending order and the top 32 trees were removed, meeting the required thinning intensity. This allows the selection of trees to be removed to be completed considering the impact of quantitative factors.
SIMULATION PROCESS AND EFFECT
The dataFile1 and standStructure1 activities are implemented in turn in this workflow. When the execution reached seeTheEffect1, the workflow is suspended. According to the properties of seeTheEffect1, stand structure characters and stand status in 2D and 3D before thinning are displayed. The results are shown in figures 8 and 9. In DBH class distribution, an interval of 2 cm is used to represent tree DBH class, so that 12 cm means 11.0 cm < DBH < 12.9 cm. In height distribution, an interval of 1 m is used to represent tree height class, so that 6 m means 6.0 m < H < 6.9 m. In spatial density index distribution, an interval of 0.1 is used to represent spatial density index class, so that 0.3 means 0.3 < Spatial density index <0.39. In figure 9a , the solid black circles represent DBH, the hollow circles represent crown width and the various colors of circles for crown width are used to distinguish different tree height classes.
The workflow continues with the thinning1 activity being executed. According to the properties of thinning1 and the decision-making factor activities for removed trees, the removed trees can be selected using formula (6). When the seeTheEffect2 activity was executed, stand structure characters, volume comparison and stand status in 2D and 3D after thinning are displayed. The results are shown in figures 10 and 11. In DBH class distribution, an interval of 2 cm is used to represent tree DBH class, so that 12 cm means 11.0 cm < DBH <12.9 cm. In height distribution, an interval of 1 m is used to represent tree height class, so that 9 m means 9.0 m < H < 9.9 m. In spatial density index distribution, an interval of 0.1 is used to represent spatial density index class, so that 0.3 means 0.3 <Spatial density index <0.39. In figure11a, the solid black circles represent DBH, the hollow circles represent crown width and the various colors of circles for crown width are used to distinguish different tree height classes.
After thinning, a comparison of figures 8 and 10 shows that: (1) trees with a lower DBH class and tree height class were removed and the average values of the stand DBH and height increased significantly; (2) because the maximum radius of stand spatial structure unit after thinning increased (before thinning: 5.13 m, after thinning: 6.74 m), the stand spatial density index class (0.5) appeared. However, the distribution difference for various spatial density index classes (0.2, 0.3, 0.4, and 0.5) decreased and the remaining trees had more living space with the increase in the average value of the radii of spatial structure units; (3) the percentage of trees that were in absolutely weak and nonuniform status dropped slightly and the average values of stand neighborhood comparison and uniform angle index also decreased, so the growth statuses of the trees and the spatial configurations of the trees improved. That is, the stand structure can be optimized and adjusted using this method.
As shown by the volume comparison in the figure10, the actual thinning intensity is 26.7%, which does not exceed the set maximum thinning intensity. The thinned volume is 2.30 m 3 and the remaining volume is 12.37 m 3 . Combiningfigure9 with figure11, it can be seen that the stand status in 2D and stand scene in 3Dbefore and after thinning can be intuitively and visually expressed using GDI + techniques and the MOGRE rendering engine.
In this study, by defining various self-defined activities involved in quantitative thinning, the decision-making visualization model for removed trees and visual flow model of quantitative thinning were constructed based on a decision-making model for tree removal. Combining GDI + techniques with the MOGRE rendering engine, stand structure characters, and stand status in 2D and 3D before and after thinning were displayed visually. The above methods constitute the visual simulation of quantitative thinning.
DISCUSSION
The decision-making model for removed trees consisting of five decision-making factors for tree removal can quantify the probability that a tree is selected to be removed and can select removed trees to optimize and adjust the stand structure. The creation process of the decisionmaking visualization model for removed trees is completely open to users, so users can quickly build various well-targeted models depending on their requirements by setting decision-making activities for removed trees to different weights. The stand status in 2D and 3D before and after thinning is no longer abstract but can be vividly simulated. By integrating the above three techniques, the visual simulation of quantitative thinning is achieved.
SELECTION OF TREES TO BE REMOVED
In thinning, removed trees are usually selected by determining the thinning intensity or the quantity of removed trees or stand basal area (Graham et al., 1999; Agee and Skinner, 2005) , which may easily lead to a variety of thinning results (Contreras, 2010; Contreras and Chung, 2013) . According to the four qualitative principles of tree removal in the forest management mentioned earlier, thinning results are also uncertain because of the effect of subjective factors in practice. In this study, the selection of trees to be removed depends on quantitative factors by using the proposed decision-making model for removed trees and the removed trees meet the four qualitative principles as shown in figures 8, 9, 10, and 11. Thus, this method can replace the qualitative principles, avoiding the occurrence of various thinning results in thinning practice.
The Stand Visualization System (SVS) in the Landscape Management System is a commonly used tool in stand visual simulation and has had a significant impact (McCarter et al., 1998; Zobrist et al., 2004; Roth et al., 2006) . It can select removed trees by determining the DBH range of removed trees. Applying this method to the test plot in this study allows us to compare the test results with our original results as shown in figures 12 and 13. According the criterion of "remove the smaller ones while the larger ones should remain" and the maximum thinning intensity, the trees whose DBH was < 15.1 cm were selected as the removed trees ( fig.12 ). The trees which are selected as the removed trees using the method in this study are shown in figure 13 .
Comparing figure 12 with figure 13, we can see that if all the trees in the irregular polygons in figure 12 are removed, land resources will be wasted, whereas the method proposed in this study avoids removing all the trees in a large area and the land resources are fully used.
In addition, the stand spatial structure characteristics were added to the decision-making model for removed trees. Setting decision-making factors for tree removal to various weights, the stand spatial structure can be easily optimized and adjusted, which are also big advantages.
VISUAL SIMULATION METHODS
The visual simulation technique is one of the technological tools adopted in stand management studies and practice, and applying this method to stand management is increasingly popular (Muys et al., 2010) .
A decision-making visualization model for removed trees, a visualization model for quantitative thinning processes, and implementation of the workflow are achieved through WF techniques (figs. 6 and 7). This method has robust visualization, operability, and interactivity, and is better than the existing visual simulation methods applied in stand management.
After simulating stand structure characteristics and stand status in 2D with GDI+ techniques, the information can be displayed to users in an intuitive way making the information easier to understand.
Using the MOGRE technique to manage 3D scene elements, the constructed stand 3D scene is able to meet the demands of managers of all kinds and can render images more realistically. In this study, the real geographic coordinates were replaced with relative locations and virtual terrain was used instead of the real terrain in the stand 3D scene without affecting the main content. Although this method has better simulation effects, its applicability would be enhanced if the above two issues were improved.
CONCLUSIONS
The selection of removed trees is an important issue in forest management and can directly affect thinning. The decision-making model for removed trees can select trees quantitatively by considering stand structure characteristics. This method can not only optimize and adjust the stand structure, but can also avoid the blindness that occurs in the process of selecting trees for removal and reduce the adverse effects of selecting trees using a single index. Based on the theory and practice of thinning, the whole process and the effects of quantitative thinning can be represented using the visual simulation technique. This method may greatly enhance the supervision of thinning, because it supports interactive performance and visibility. The visual simulation method proposed in this study can be easily applied to other stand management measures and can achieve visual simulation of various stand management activities. Thus, this method provides a new technique for in-depth studies of stand management and is a powerful technique supporting the improvement of digital stand management.
